Intestinal stem cells (ISCs) are regulated by the mesenchymal environment via physical interaction and diffusible factors. We examined the role of Indian hedgehog (Ihh) in mesenchymal organization and the mechanisms by which perturbations in epithelialϪmesenchymal interactions affect ISC fate.
I n the intestine, epithelial cells undergo repeated progenitor cell proliferation, terminal differentiation, and cell death, a process that requires intestinal epithelial stem cells (ISCs) to engage in a continuous dialogue with neighboring epithelial and mesenchymal cells. 1, 2 Recent cell lineage tracing experiments have identified Lgr5 and Bmi1 as ISC markers, although they appear to represent 2 distinct ISC populations. 3, 4 The regenerative capacity of ISCs is directed by structural and biochemical cues received from the ISC microenvironment. 5 This microenvironment is a complex structure that modulates intestinal homeostasis by maintaining a fine balance between ISC self-renewal and downstream differentiation. While multiple cell types, including endothelial cells, lymphocytes, and muscle cells, may contribute to ISC regulation, the cells generally considered the most important to ISC regulation are intestinal subepithelial myofibroblasts (ISEMFs) because of their close proximity to ISCs. 6 These mesenchymal cells secrete various factors that favor or restrict ISC self-renewal, including cytokines, matrix proteins, and growth factors, such as bone morphogenetic protein (BMP) antagonists Noggin and Gremlin. 7, 8 Yet how ISEMFs are regulated within the ISC microenvironment, their precise role in fostering ISC self-renewal and proliferation, and whether they are the only major contributors to the mesenchymal ISC microenvironment, remain unclear.
The Hedgehog (Hh) signaling pathway plays a critical role during gut development. 9 Expression of the Hh ligands, Sonic Hedgehog and Indian Hedgehog (Ihh), has been detected exclusively in the intestinal epithelium, while expression of Hh target genes, Patched (Ptch1) and Gli1, has been observed in the mesenchyme, including the villus core, muscularis mucosae, and pericryptal myofibroblasts. 10, 11 Both Sonic Hedgehog-and Ihh-null mice display marked gastrointestinal abnormalities, including attenuated smooth muscle layers and intestinal malrotation. 10 In mice, overexpression of Hedgehog interacting protein (Hhip), a negative regulator of Hh signaling in the gut, leads to mislocalization of ISEMFs and expansion of immature smooth muscle cells. 12 Furthermore, these mice showed increased cell proliferation and aberrant crypt-like structures, as well as enhanced Wnt activ-
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ity. In converse experiments, enhanced Hh signaling due to conditional deletion of Ptch1 resulted in accrual of colonic myofibroblasts and colonic crypt hypoplasia. 13 Despite these recent advances, the exact role of Ihh in ISC regulation and gut development remains unclear. Here we find that loss of Ihh signaling causes profound morphological changes to the intestinal mesenchymal compartment, with the most consistent and severe changes occurring near crypt bottoms, where ISCs are located. Our data suggest that the muscularis mucosae might be a novel component of the mesenchymal microenvironment, which acts with myofibroblasts to limit the size of the crypt and ISC pool. Altogether, the results support that Ihh functions as a critical regulator of ISC self-renewal through epithelialϪ mesenchymal interactions.
Materials and Methods (See Supplementary Materials and Methods for Details) Mice
The Ihh flox/flox mice were provided by Dr Beate Lanske of Harvard University. 14 Villin-Cre mice 15 and Smo flox/flox mice 16 were obtained from the Jackson Laboratory. Ihh flox/flox and Villin-Cre mice were mated and the offspring were backcrossed to generate Villin-Cre;Ihh flox/flox mice. Genotyping was performed by polymerase chain reaction on genomic DNA from tail clips as described previously. 14, 15 The Villin-Cre:Ihh flox/flox pups suffer early lethality and were sacrificed when they displayed lethargy and inability to feed. All mice were housed, fed, and treated in accordance with protocols approved by the committee for animal research at the University of California, San Francisco.
Immunohistochemistry, Immunofluorescence, and In Situ Hybridization
Animals were euthanized and their intestine was removed and flushed with phosphate-buffered saline. Fixed tissue was embedded in paraffin. Immunostaining was performed using standard protocols after heat-mediated antigen retrieval. Olfm4 in situ hybridization was performed as described previously. 17 
Statistical Analysis
Student's t test was used to evaluate statistical significance. Values of P Ͻ .05 were considered significant.
Results

Generation of Ihh-Conditional Knockout Mice
A partial description of Ihh's role in intestinal development has been provided by 2 studies of Ihh Ϫ/Ϫ mice: 1 study described a loss of proliferative epithelial cells in Ihh Ϫ/Ϫ mice, 10 while the second study noted an expansion of proliferative epithelial cells in Ihh Ϫ/Ϫ mice. 18 However, Ihh Ϫ/Ϫ mice die at birth, precluding any analysis of Ihh's role during postnatal intestinal development. To examine the full role of Ihh in intestinal development, including the critical postnatal period when crypt structures are established, we generated a conditional Ihhdeficient mouse line by breeding Ihh flox/flox mice to VillinCre mice. This cross generated Villin-Cre;Ihh flox/flox mice that had intestinal Ihh messenger RNA expression levels that were 4% of control mice, and an absence of Ihh at the protein level (Supplementary Figure 1A and 1B). The messenger RNA expression level of Ptch1 and Gli1, 2 direct transcriptional targets of Hh signals, were 19% and 9% of the control mice, respectively (Supplementary Figure 1A) , suggesting that Ihh is the key Hh molecule mediating Hh signaling in intestinal tissues, and Sonic Hedgehog or Desert hedgehog cannot replace its function.
Villin-Cre;Ihh flox/flox mice were born alive and appeared normal. However, at P3 it was apparent that the mutant mice were not thriving, as they were noticeably smaller than their control littermates (detailed gross phenotypes are described in Supplementary Figure 1 
Disruption of Intestinal and Colonic Mesenchymal Compartment in
Villin-Cre;Ihh flox/flox Mice It has previously been reported that Ihh signals in a paracrine direction, moving from its origin in intestinal epithelial cells toward Hh signaling effectors in mesenchymal cells. 11 We investigated the myofibroblast and smooth muscle changes by ␣-smooth muscle actin (␣-SMA) immunostaining. The most striking and consistent change observed in the Villin-Cre;Ihh flox/flox mice was the loss of a horizontal layer of ␣-SMAϪpositive cells at the crypt base in the small intestine and colon that corresponds to the muscularis mucosae (Figure 1A and 1B; Supplementary Figure 2) . The complete loss of muscularis mucosae cells was observed soon after birth and persisted throughout development ( Supplementary Figure 2) . Because the cellular components of the muscularis mucosae in mice have not been well-characterized, we performed double-labeling experiments for ␣-SMA and desmin, as well as ␣-SMA and vimentin. Myofibroblasts can be distinguished from fibroblasts by their expression of ␣-SMA, and separated from smooth muscle cells by their expression of vimentin and lack of desmin expression. The staining results revealed that in control mice, the cells comprising the thin layer below small intestinal crypts expressed ␣-SMA and vimentin, but not desmin ( Figure 1A; Supplementary Figure 2) . The results indicate the muscularis mucosae layer absent from the small intestine of Villin-Cre;Ihh flox/flox mice is predominantly composed of myofibroblasts. In control colon, ␣-SMA and desmin were coexpressed along the muscularis mucosae Because ISEMFs, especially pericryptal myofibroblasts, have traditionally been considered the key mesenchymal cell type that regulates ISCs, we examined the composition of these cells in mutant mice. In the colon, we consistently observed diminished numbers of pericryptal myofibroblasts at the crypt base ( Figure 1B ; Supplementary Figure 2 ). In the small intestine, loss of pericryptal myofibroblasts was more variable. Additionally, the mislocalization of pericryptal myofibroblasts as described in Villin-Hhip mice 12 was not observed in Villin-Cre;Ihh flox/flox Immunostaining of stromal marker ␣Ϫsmooth muscle actin (␣-SMA) (left), co-staining of ␣-SMA (green) and desmin (red) (middle) and co-staining of ␣-SMA (green) and vimentin (red) (right) in the small intestine (A) and colon (B), illustrating the loss of muscularis mucosae cells and diminished pericryptal myofibroblasts in Villin-Cre;Ihh flox/flox mice. ␣-SMA staining reveals the muscularis mucosae in control mice (red arrows), whereas in mutant mice no muscularis mucosae is evident. Pericryptal myofibroblasts displayed in the black doted box are shown in detail (inset). The double immunofluorescent stainings show the muscularis mucosae in the small intestine (white arrows) expresses ␣-SMA and vimentin (yellow), revealing that the composition of this layer consists predominantly of intestinal subepithelial myofibroblast (ISEMFs). In the colon, the muscularis mucosae (white arrows) expresses both ␣-SMA and desmin (yellow), indicating that this layer is composed mainly of smooth muscle cells (SMCs). (C) Mesenchymal cell proliferation is observed in P5 control mice (red arrowheads), but is reduced in Villin-Cre;Ihh flox/flox mice; (D, E) The Hedgehog (Hh) inhibitor GANT61 inhibits ISEMF proliferation as assayed by WST-1 (D) and bromodeoxyuridine labeling (E). **P Ͻ .001. DMSO, dimethyl sulfoxide; Ihh, Indian Hedgehog; KO, knockout. Figure 2) . However, some villi exhibited an expansion of myofibroblasts in regions with superimposed inflammation, suggesting myofibroblast numbers may also be affected by secondary changes. Notably, in P5 control mice, we detected active proliferation of mesenchymal cells surrounding newly forming crypts. In mutant mice, however, mesenchymal cell proliferative activity was profoundly attenuated at this stage ( Figure 1C ). These data suggest that Ihh loss might impair ISEMF proliferation. To test this hypothesis, we examined in vitro ISEMF cell growth in the presence of GANT61, a small-molecule antagonist of GLI-mediated transcription. 19 We found GANT61 significantly inhibits ISEMF cell viability and proliferation ( Figure 1D and 1E). Thus, these in vivo and in vitro studies support that Hh signaling is required for ISEMF growth. Altogether our data indicate that deletion of Ihh results in the disappearance of the muscularis mucosae and fewer ISEMFs surrounding the crypt base, disrupting the key mesenchymal cells that surround ISCs.
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Morphological Alterations in the Intestine of Villin-Cre;Ihh flox/flox Mice
As we detected marked differences in the mesenchymal compartment surrounding ISCs between control and mutant mice, we sought to determine whether these differences were accompanied by changes in the intestinal epithelium. We found that elimination of Ihh resulted in crypts that appeared wider, loosely organized, and crowded with nuclei ( Figure 2A ). Villus branching accompanied by aberrant crypt-like structures was also detected in the small intestine of Villin-Cre;Ihh flox/flox mice ( Figure 2A ). The ectopic crypt-like structures contained cells that were positive for the proliferation marker Ki67 (Figure 2A) . Furthermore, proliferating cells in the mutants greatly outnumbered those in control littermates, with their distribution extending beyond the normal confines of the crypt (Figure 2A ). Crypt fission is a process in which new crypts are produced and is believed to occur in response to stem cell expansion. While crypt fission normally occurs in neonatal mice, we observed a significantly higher incidence of crypt fission in the jejunum of P9 Villin-Cre;Ihh flox/flox mice compared to control, revealing major proliferation abnormalities ( Figure 2B ). In P30 Villin-Cre;Ihh flox/flox jejunum, we observed marked elongation of crypts with florid proliferation ( Figure 2C ). Additionally, in some areas, we saw a loss of epithelial maturation, characterized by the absence of villus architecture and proliferative cells reaching the luminal surface ( Figure 2C) . A similar epithelial phenotype was noted in the colon of Villin-Cre;Ihh flox/flox mice in which crypts were dilated with frequent branching and had disturbed orientation and a high degree of proliferation (Supplementary Figure 3 ). Furthermore, in one P30 Villin-Cre; Ihh flox/flox colon, a lesion mimicking a small adenoma with mild dysplasia was detected in the midst of disorganized and disoriented crypts ( Figure 2C ). These observations suggest that loss of Ihh expression induces florid proliferative events. To determine whether this may eventually culminate in neoplastic transformation would require a study of aged Ihh mutants; however, the early death of Villin-Cre;Ihh flox/flox mice makes such a study infeasible in our setting.
It is known that a small amount of mosaic Cre expression exists in the colon of Villin-Cre transgenic mice. 15 In cases in which Villin-Cre;Ihh flox/flox mice survived beyond P15, we noticed normal crypt structures adjacent to dilated crypts in the colon ( Figure 2D ). Interestingly, beneath the normal crypt structures ␣-SMA staining detected an intact muscularis mucosae ( Figure 2D ), whereas below neighboring dilated crypts, no ␣-SMA staining was detected, revealing an absence of the muscularis mucosae ( Figure 2D ). Furthermore, Ki67-positive cells were restricted to crypt bottoms in regions where the muscularis mucosae was present ( Figure 2D) ; however, in the absence of the muscularis mucosae, differentiated cells occupied crypt bottoms and proliferative cells were found at crypt bottoms and tops ( Figure 2D ). These results suggest the muscularis mucosae might influence crypt epithelial fate and polarity, and contribute to ISC regulation.
Loss of Intestinal Epithelial Ihh Signaling Activates Wnt/␤-Catenin and Expands the ISC Population
Given that we observed several manifestations in the Villin-Cre;Ihh flox/flox mice that were comparable to those seen in mice with increased Wnt signaling, including enhanced epithelial cell proliferation, branched villi, and enlarged crypts, we sought to analyze whether mutant mice displayed increased Wnt activity. 20, 21 Typically, expression of Wnt/␤-catenin target genes (eg, Cd44, Sox9, EphB2) is restricted to the crypt proliferative compartment ( Figure 3A; Supplementary Figure 4) . However, in mutant mice Cd44, Sox9, EphB2 expression was highly expressed throughout the crypt and along the villus in the small intestine, as well as along the entire crypt length in the colon ( Figure 3A; Supplementary Figure 4) . Furthermore, staining for ␤-catenin in mutant mice showed increased cytoplasmic staining in crypts and villi, providing additional evidence that the mutants have increased Wnt activity (Supplementary Figure 4) .
We next addressed whether the loss of Ihh affected the ISC population by performing in situ hybridization for Olfm4, a marker for small intestinal stem cells. 17 VillinCre;Ihh flox/flox mice showed an increase in expression of Olfm4, as well as an increase in the number of Olfm4 ϩ cells per crypt compared to control mice ( Figure 3B) . A previous study of Ihh Ϫ/Ϫ mice suggested that a complete loss of Ihh diminishes the number of ISCs, whereas a second
study suggested the opposite. 10, 18 However, both studies lacked a definitive ISC marker and based their findings solely on a cell proliferation marker. Thus, by utilizing a specific ISC marker, we provide compelling evidence that deactivation of Ihh leads to ISC expansion. 
Altered Differentiation of the Absorptive and Secretory Cell Lineages in
Inflammatory Response in
Villin-Cre;Ihh flox/flox Mice A recent report 22 showed that chronic Hh inhibition in adult mice results in villus atrophy and profound inflammatory responses in the intestine. We noted patchy Enlarged images are shown to the right. The jejunum displays focal marked elongation of crypts and a loss of differentiation toward the luminal surface (arrows), whereas adjacent epithelium shows retained maturation at the luminal surface (arrowheads). The colon presents an accumulation of dilated and disoriented crypts that leads to a localized elevated lesion in the mucosa, with evolution into a tubular adenoma with mild dysplasia. (C) Relationship between dilated crypts in colon of Villin-Cre;Ihh flox/flox mice and loss of muscularis mucosae cells subjacent to crypts revealed through H&E (left), ␣Ϫsmooth muscle actin (␣-SMA) (middle) and Ki67 (right) staining. Blue arrows indicate areas with normal crypt morphology above ␣-SMA ϩ muscularis mucosae cells. Typical Ki67 staining pattern is observed in morphologically normal crypts (black arrows), while Ki67 is expressed throughout dilated crypts (pink arrows). Ihh, Indian Hedgehog; KO, knockout. 5   226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281   AQ: 11   C  O  L  O  R   226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280 281
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and variable inflammatory responses in the small intestine and colon of Villin-Cre;Ihh flox/flox mice. Early inflammatory changes were observed in regions lined by vacuolated cells at cryptϪvillus junctions, where breach of epithelial integrity was accompanied by neutrophil infiltration. In acutely inflamed regions, we noticed villus sloughing, resulting in villus loss, mucosal ulceration, dense neutrophil infiltration, and fibrosis (Supplementary Figure 8) . Similar surface ulceration with neutrophil infiltration was also noted in the colon (Supplementary Figure 8) . Figure 9A) . All 4 epithelial cell lineages were well-developed and normal Wnt signaling was observed (Supplementary Figure 9B) . The results provide strong genetic evidence that Hh signaling functions strictly in a paracrine manner during gut morphogenesis. Table 1 ). As expected, all Hh signaling targets, such as Gli1, Ptch, and Hhip, were significantly down-regulated in colon samples from mutant mice ( Figure 4A ).
Paracrine Ihh Signaling Responsible for
Expression Analysis of Genes Deregulated in
Among the genes that were up-regulated in mutants were Wnt targets, including c-Myc, Sox-9, and matrix metalloproteinase (MMP) 7, as well as the ISC marker Lgr5 ( Figure 4B ). Furthermore, comparison of genes up-regulated in Villin-Cre;Ihh flox/flox mice with Lgr5 stem cell genes identified several genes that overlap, including Lgr5, Acot1, Adora1, Sox9, Soat1, and Slc12a2 ( Figure 4B ). 25 Genes involved in gut hormones (CCK and glucagon), reflecting changes in enteroendocrine cells, as well as goblet cell marker genes (Spdef, Spink4, Muc2, Gcnt3, and Foxa3) were up-regulated in Villin-Cre;Ihh flox/flox mice (Figure 4C) , which is consistent with expansion of secretory cell lineages observed in the mutants. Intriguingly, several MMPs (MMP3, MMP7, MMP8, and MMP10), which are known to degrade extracellular matrix (ECM) proteins and connective tissues, were up-regulated in mutant colon samples ( Figure 4D) . Interestingly, the most prominent genes down-regulated in the mutants encode proteins that help support and maintain the intestinal epithelium ( Figure 4D and 4E). For example, genes that may provide structural support to ISCs, such as genes involved in smooth muscle development (Myh10, Myh11, myocardin, Mef2c, desmin, etc.) were down-regulated in Ihh mutant colons ( Figure  4E ). Furthermore, genes encoding ECM proteins (multiple isoforms of collagen and laminin; as well as fibronectin, osteoglycin, versican, nidogen 1, Ecm2, etc.), which provide support, organization, and mechanical signals to the epithelium, were extensively down-regulated in Villin-Cre; Ihh flox/flox mice ( Figure 4D ). Additionally, several integrins (Itga1, Itga8, Itga9, Itgav, Itgb6) that attach epithelial cells to the ECM and mediate epithelial cellϪmatrix interactions were down-regulated in mutant mice ( Figure 4D) . Overall, expression analysis demonstrates that the gut mesenchymal compartment is compromised when Ihh is deleted in the intestine, suggesting the possibility that We next analyzed the signaling pathways that have been implicated in gut development, including Notch, BMP, and Ras/MAPK pathway genes. We found that the BMP pathway was one of the major targets for Ihh signaling during gut morphogenesis ( Figure 4F ). For example, BMPs, including BMP2, BMP4, and BMP5 were all down-regulated. BMP antagonists showed a more complicated pattern of expression: some were up-regulated, such as Gremlin1 and Chordin-like-2, while others were down-regulated, such as Gremlin2 and Twsg1. Nevertheless, analysis of transcriptional targets of BMP signaling, including ID1, ID2, and ID4, revealed that all these genes were down-regulated in the mutant mice. 
Inactivation of Ihh Disrupts Stromal Gene Expression and Basement Membrane Formation
Given that the gene expression profiling data suggested that the smooth muscle character and ECM components undergo marked changes in Villin-Cre;Ihh flox/flox mice, we decided to investigate how the loss of Hh signaling directly affects expression of muscle and ECMrelated genes in ISEMFs. Quantitative reverse-transcription polymerase chain reaction performed on ISEMFs treated with the Gli transcription inhibitor GANT61 found a significant down-regulation of Mef2c and Myocd, 2 transcription factors known to regulate smooth muscle development ( Figure 6A ). These results are consistent with the microarray analysis, suggesting cultured ISEMFs closely resemble the in vivo situation. Furthermore, these findings imply that Hh signals may promote the differentiation of fibroblasts toward a myofibroblast phenotype in the intestine. We next examined the ability of ISEMFs to produce matrix proteins in the absence of Hh signals. Expression of laminin4 was significantly downregulated in GANT61-treated ISEMFs ( Figure 6A) , while other ECM genes, such as fibronectin and collagen, showed no significant change (data not shown). Strikingly, MMPs, including MMP3 and MMP10, were significantly up-regulated in GANT61-treated ISEMFs ( Figure 6A ). These data suggest that loss of Hh signaling amplifies expression of MMPs in intestinal stromal cells, potentially leading to degradation of ECM components.
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. Another basement membrane protein, laminin, was expressed in the lamina propria with intense staining at the epithelialϪmesenchymal interface corresponding to the basement membrane in control colon. In contrast, laminin staining appeared diffusely weak and completely absent from the basement membrane in the mutant mice ( Figure 6B ). Thus, inactivation of Ihh in the gut leads to down-regulation of ECM genes and matrix protein degradation, resulting in a weakened ECM that is vulnerable to crypt expansion.
Discussion
The epithelial phenotypes we observed in the Villin-Cre;Ihh flox/flox mice are, overall, consistent with other mouse models that disrupt Hh signaling during gut morphogenesis, such as mice overexpressing the Hh inhibitor Hhip, or mice with a conditional deletion of Ptch1. 12, 13 However, none of the previous studies addressed the critical question of whether paracrine Hh signaling affects ISC self-renewal or whether the epithelial phenotypes are due to the disruption of trans-amplifying/progenitor cells near the crypt base. Our study showed that in Villin-Cre;Ihh flox/flox mice, there is a clear expansion of the ISC compartment, providing solid evidence that Ihh regulates ISCs during gut development. Furthermore, our findings indicate that Ihh is the key Hh ligand mediating the observed epithelial phenotypes in the small intestine and colon after birth. Additionally, our studies with conditional epithelial Smo knockout mice demonstrated that Ihh regulates ISC fates strictly in a paracrine fashion. This statement is corroborated by the fact that there is a profound and consistent disruption of the mesenchymal compartment, especially at the crypt base surrounding ISCs in Villin-Cre;Ihh flox/flox mice. Altogether, these data suggest that ablation of Ihh leads to significant deterioration of the microenvironment surrounding ISCs, which in turn leads to expansion of ISCs and altered epithelial cell differentiation programs. In 506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561   506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560 562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617   AQ:6   AQ:7   562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617 
